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[1] The transport of H2O and HDO within deep
convection is investigated with 3-D large eddy simulations
(LES) using bin microphysics. The lofting and sublimation
of HDO-rich ice invalidate the Rayleigh fractionation model
of isotopologue distribution within deep convection.
Bootstrapping the correlation of the ratio of HDO to H2O
(dD) to water vapor mixing ratio (qv) through a sequence of
convective events produces non-Rayleigh correlations
resembling observations. These results support two
mechanisms for stratospheric entry. Deep convection can
inject air with water vapor of stratospheric character directly
into the tropical transition layer (TTL). Alternatively,
moister air detraining from convection may be dehydrated
via cirrus formation in the TTL to produce stratospheric
water vapor. Significant production of subsaturated air in
the TTL via convective dehydration is not observed in these
simulations, nor is it necessary to resolve the stratospheric
isotope paradox. Citation: Smith, J. A., A. S. Ackerman, E. J.

Jensen, and O. B. Toon (2006), Role of deep convection in

establishing the isotopic composition of water vapor in the

tropical transition layer, Geophys. Res. Lett., 33, L06812,

doi:10.1029/2005GL024078.

1. Introduction

[2] Watervaporplaysan important role in thechemistryand
radiation budget of the stratosphere [Evans et al., 1998;
Forster and Shine, 1999; Tabazadeh et al., 2000]. An under-
standing of the processes that control stratospheric humidity is
needed to predict changes to the ozone layer and climate.
[3] Brewer [1949] deduced that the primary pathway for

air to enter the stratosphere from the troposphere is through
the tropical tropopause because here the saturation qv is
roughly equal to the stratospheric qv. Since then, a debate
continues regarding the dominant dehydration mechanism
for stratospheric air.
[4] In the gradual dehydration hypothesis, air is

dehydrated by cirrus clouds formed in cold pools during
slow diabatic ascent through the TTL. Here, water vapor is
removed via the growth and sedimentation of ice particles
[Holton et al., 1995; Jensen et al., 1996, 2001; Gettelman et
al., 2002a; Jensen and Pfister, 2004; Fueglistaler et al.,

2005]. In the convective dehydration hypothesis, air is
dehydrated by the mixing of cold convective overshoots
into the TTL. If ice sedimentation from these overshoots is
faster than mixing with the TTL, the overshoots will
dehydrate the TTL [Sherwood and Dessler, 2001].
[5] The isotopic composition of water vapor may serve

to distinguish between dehydration mechanisms [Moyer
et al., 1996]. Dehydration changes dD because heavier
isotopologues, like 1H2H16O (HDO), have lower
equilibrium vapor pressures than 1H2

16O (H2O) [van Hook,
1968]. Therefore, dD should contain information about an
air parcel’s dehydration history. (In this study, dD is defined
relative to Vienna Standard Mean Ocean Water, VSMOW.)
[6] Rayleigh fractionation is a pseudo-adiabatic

equilibrium fractionation model [Dansgaard, 1964; Jouzel
and Merlivat, 1984; Johnson et al., 2001b]. Saturation is
maintained via condensation, equilibrium fractionation of
the isotopologues is maintained between the vapor and
condensate, and the condensate is continually and
completely removed via sedimentation. In this model, the
HDO in the remaining vapor is depleted by preferential
condensation.
[7] Lifting an air parcel from the tropical ocean surface

until it has been dehydrated to a stratospheric qv of
3.85 ppmv [Dessler and Kim, 1999; Kley et al., 2000] via
a Rayleigh process produces dD of �910%, but observa-
tions show that dD for water vapor in the lower stratosphere
is roughly �650% [Moyer et al., 1996; Johnson et al.,
2001a; Kuang et al., 2003; Webster and Heymsfield, 2003].
This underdepletion is the stratospheric isotope paradox.
[8] The modeling in this study differs from previous

studies [Moyer et al., 1996; Keith, 2000; Johnson et al.,
2001b; Dessler and Sherwood, 2003; Gettelman and
Webster, 2005] in that the isotopic fractionation occurring
within deep convection is investigated using 3-D simula-
tions without prescribing key factors like supersaturation,
sedimentation and mixing. Observations show that convec-
tion lofts condensate above the altitudes where the conden-
sation occurs [Smith, 1992; Webster and Heymsfield, 2003].
Upon reaching subsaturated regions outside of the updrafts,
this lofted condensate releases vapor with dD characteristic
of condensation occurring at lower altitudes. Hence, the
released water vapor is HDO-rich with respect to the
Rayleigh fractionation model. After a model description,
the convective redistribution of isotopologues for several
simulations with varying initial dD-qv correlations is shown
and discussed.

2. Model Description

[9] The Distributed Hydrodynamic Aerosol and Radia-
tion Modeling Application (DHARMA) is a 3-D massively
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parallel cloud model, coupling a fluid dynamics model with
a cloud microphysics model. Fluid dynamics are simulated
with an LES code [Stevens and Bretherton, 1996; Stevens et
al., 2002] that solves a non-hydrostatic anelastic approxi-
mation of the Navier-Stokes equation appropriate for deep
convection [Lipps and Hemler, 1986]. Cloud microphysics
are simulated for binned particle size distributions using the
Community Aerosol and Radiation Model for Atmospheres
(CARMA) [Toon et al., 1988; Jensen et al., 1994; Ackerman
et al., 1995; Fridlind et al., 2004]. Three particle ‘‘groups’’
are simulated: cloud condensation nuclei (CCN), water drop-
lets and ice crystals. The simulated microphysical processes
are CCN activation, condensational growth/evaporation of
cloud particles, collisional growth of cloud particles,
collisional breakup of water droplets, ice nucleation and
sedimentation. The microphysics affect local buoyancy and
feed back on the dynamics. Open lateral boundary con-
ditions are simulated by nudging the perimeter of the
domain to the initial conditions. The auxiliary material
contains additional model description.1

3. Model Results and Discussion

[10] The isotopologue distribution within deep convec-
tion is shown for varying initial dD-qv correlations. A
Rayleigh dD-qv correlation is used for the first simulation.
The anvil’s horizontal extent is greatest at 13 km with
overshooting turrets reaching 17 km. The dD-qv probability
density function (PDF) at 4 hours is shown in Figure 1. The
convection has produced a highly disperse PDF consistent
with in situ measurements [Webster and Heymsfield, 2003].

This variability results from the mixing of the non-Rayleigh
convected air with the Rayleigh initialization.
[11] Three additional simulations with different initial

dD-qv correlations are also shown. After cloud dissipation
(through precipitation and evaporation) �14 hours into the
first simulation, the average correlation from the convec-
tively perturbed region (9 � 9 � 17 km3) is used for the
next initialization. This bootstrapping is repeated twice
more for a total of four simulations. Figure 2 shows the
final correlations for the convectively perturbed region of
all four simulations. The first convective event strongly
perturbs the initially Rayleigh atmosphere, but subsequent
events produce smaller perturbations. The final PDF of
the fourth simulation is also shown. There is less
variability in this distribution since the detraining vapor
is similar to the initial vapor set by the previous
simulation.
[12] Admittedly, the convective correlations have not

converged after this bootstrapping sequence, but it is shown
below that these correlations do resemble the tropical
observations, probably because other transport and cloud
processes counter the influence of deep convection on water
vapor in the tropics. Estimates from satellite observations of
the tropics show that the direct influence of convection on
the TTL is not overwhelming, with convective turnover
times (t) comparable with the time scales for meridional
transport and diabatic ascent (t � 1 month at 12.5 km
and �1 year at 16 km [Gettelman et al., 2002b]). Additional
discussion of simulation convergence appears in the
auxiliary material.
[13] Figure 3 shows that the convective correlations

resemble remote sensing observations [Kuang et al.,
2003]. A discrepancy does exist between the shapes of
the observed and simulated correlations. This discrepancy

1Auxiliary material is available at ftp://ftp.agu.org/apend/gl/
2005gl024078.

Figure 1. Probability density function of isotopic ratio of
water vapor (dD) and water vapor mixing ratio (qv) for
model domain at 4 hours, excluding the nudging region.
The different gray shades correspond to 1–9 (lightest), 10–
99, 100–999, and 1000–9999 (darkest) grid boxes within a
particular bin of dD-qv space. The dotted line is the
Rayleigh initialization. The open square represents the
stratospheric entry values of dD and qv derived from
observations [Moyer et al., 1996; Johnson et al., 2001a].

Figure 2. Final average correlations within the convec-
tively perturbed subdomain (9 � 9 � 17 km3) for each
simulation (solid lines). Increasing line thickness indicates
increasing simulation number. The dotted line is the
Rayleigh correlation. Also shown is the probability density
function of the isotopic ratio of water vapor (dD) and the
water vapor mixing ratio (qv) for the model domain below
17 km, excluding the nudging region, after cloud dissipation
for the fourth simulation. The gray scale is identical to
Figure 1.
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arises from the fact that the observed air has been processed
by a variety of convective events with varying intensities.
Future simulations of an ensemble of events should improve
the agreement between the observed and simulated shapes.
[14] For air dehydrated to 3.85 ppmv in the simulations,

dD is between �856 and �736%, as shown in Figure 4.
These dD are richer than the observed Rayleigh fraction-
ation value (�910%) but poorer than the stratospheric entry
values (�670 and �679%) [Moyer et al., 1996; Johnson et
al., 2001a]. Improving ice physics in the model may
improve the agreement with observations, which might
account for the simulated ice being slightly HDO-poor as
well. For observations of upper tropospheric air containing
more than 80% of total water as ice, dDice is �130 ± 83%
(1s) [Webster and Heymsfield, 2003], and for simulated air
above 13 km with the same ice fraction, dDice is �320 ±
20% (1s). Excessive precipitation in the model could be
responsible for this discrepancy. The discrepancy might also
result from neglecting the spatial inhomogeneity of dD
within each ice particle, i.e., the HDO-rich interior may
be leaking out prematurely during sublimation. The internal
structure of dD within cloud ice will be examined in a
future study, but this internal inhomogeneity may not be
significant if vertical eddies repeatedly deposit and strip off
the outermost molecular layers of the cloud particles,
thereby partially homogenizing the internal isotopologue
distribution. Other model uncertainties include the sensitiv-
ity to meteorology, aerosol abundance and shortcomings in
the microphysics model such as the treatment of ice
collisions.
[15] Similar to previous studies [Moyer et al., 1996;Keith,

2000; Kuang et al., 2003], Figure 4 shows the dD-qv
correlations for air parcels detraining from convection

and undergoing Rayleigh fractionation during gradual
dehydration. With equilibrium fractionation occurring from
altitudes of 13, 14 and 15 km, dD is �804, �746 and
�711% respectively when qv reaches 3.85 ppmv. These dD
are poorer in HDO than stratospheric water vapor, but if
the kinetic isotope effect [Jouzel and Merlivat, 1984] is
included with a fixed supersaturation of 0.6, dD is �680,
�644 and �632% respectively. As noted by Gettelman and
Webster [2005], the high supersaturations associated with
ice nucleation improve the agreement between the slow
ascent hypothesis and observations.
[16] An argument for the convective dehydration

mechanism comes from remote sensing observations show-
ing that dD does not decrease with respect to either altitude
or qv in the TTL as shown in Figure 3 [Kuang et al., 2003].
Gradual dehydration must be accompanied by a decreasing
dD, so a lack of decrease in dD could invalidate the gradual
dehydration mechanism [Dessler and Sherwood, 2003;
Kuang et al., 2003]. The fields of qv and dD, however,
are variable on scales smaller than the vertical resolution of
the remote sensing observations, and a non-decreasing dD
may be produced by averaging two fields with a nonlinear
relationship over the sample volume [Webster and
Heymsfield, 2003]. In addition, individual profiles of dD
show structure that is absent in the average profile, and this
structure can be traced to the origin of the air whether
tropospheric or stratospheric [Gettelman and Webster,
2005].
[17] Overshooting convection occurs in these simula-

tions, but convective dehydration does not occur because
the lofted ice does not sediment before the overshoots mix
with the environment. Admittedly, more simulations should

Figure 3. Probability density function of the isotopic ratio
of water vapor (dD) and the water vapor mixing ratio (qv)
for remote sensing observations of the tropics below 19 km
[Kuang et al., 2003]. Light and dark gray correspond to 1–
9 and 10–99 observations respectively within a particular
bin of dD-qv space. The dashed box represents the remote
sensing observations of the TTL. The box is centered on the
mean of dD and ln qv, and it encompasses the 2s variability.
The black lines are identical to Figure 2. The error bars
represent the 2s variability within the domain below 17 km
for the fourth simulation.

Figure 4. Probability density function of the isotopic ratio
of water vapor (dD) and water vapor mixing ratio (qv) for
the model domain below 17 km, excluding the nudging
region, after cloud dissipation for the fourth simulation. The
gray scale is identical to Figure 1. The dotted lines represent
equilibrium Rayleigh fractionation occurring during gradual
dehydration for air parcels detraining from convection at 13,
14 and 15 km. The solid lines account for the kinetic isotope
effect on Rayleigh fractionation occurring at a super-
saturation of 0.6. The open square represents observed
stratospheric entry values of dD and qv [Moyer et al., 1996;
Johnson et al., 2001a].
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be performed with a variety of soundings and sources to
generalize this result, but in the simulations presented here,
convection consistently tends to drive the atmosphere
toward saturation via sublimation of small ice particles
(see auxiliary material for further discussion of convective
dehydration).

4. Conclusions

[18] The simulated field of dD within deep convection is
enriched relative to Rayleigh fractionation due to the lofting
of HDO-rich cloud ice from lower altitudes to higher
altitudes where the ice sublimes. Convective air with
stratospheric qv is slightly HDO-poor, but this discrepancy
can probably be attributed to small model biases. Convec-
tive dehydration is insignificant in these simulations. The
simulated convection does directly inject air with strato-
spheric values of dD and qv into the TTL, but without
convective dehydration. A second dehydration mechanism
consistent with our simulations involves the detrainment of
moister air into the TTL followed by gradual dehydration in
cirrus clouds. The large supersaturation needed for ice
nucleation improves the agreement between the gradual
dehydration mechanism and observations.
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